INTRODUCTION
A number of peptidases and proteases have been identified in Eseheriehia coli. Although their specific physiological roles are often not known, some of them have been shown to be involved in: the maturation of nascent polypeptide chains; the maturation of protein precursors; the signal peptide processing of exported proteins; the degradation of abnormal proteins; the use of small peptides as nutrients; the degradation of colicins; viral morphogenesis; the inactivation of some regulatory proteins for which a limited lifetime is a physiological necessity. Some of these enzymes act in concert to carry out specific functions. At present, twelve peptidases and seventeen proteases have been characterized. The specificity for only a few of them is known. The possible roles and the properties of these enzymes are discussed in this review.
Proteolysis processes play an important role in the physiology of bacteria and viruses.
Proteolytic activities were found a long time ago in cellular extracts of Escherichia coli [85] and accelerated protein degradation as a result of nutritional starvation has been studied since 1967 [117] . It is perhaps surprising that the enzymes involved in this phenomenon remained uncharacterized and have only been defined much more recently. An exhaustive description of these enzymes was carried out over the years [1975] [1976] [1977] [1978] [1979] [1980] during which a 'catalog' was established. However, besides this simple biochemical characterization, very little was found out about the nature of the physiological substrates of these proteases, the regulation of their activities or their specific functions. Since 1980, a few new proteases have been characterized, mainly due to the growing use of modern genetic and molecular biological techniques, and a better understanding about the role and regulation of some proteases has been reached. Nevertheless, even at present, our knowl-0168-6445/89/$03. 50 © 1989 Federation of European Microbiological Societies edge about most of the peptidases and proteases existing in E. coil, remains limited.
The aim of this review is to summarize the available body of knowledge about the proteolytic enzymes so far identified in E. coli and Salmonella typhimurium. After a brief description of the various cellular processes involving proteolytic degradation, the following points will be examined for both peptidases and proteases:
--how many enzymes are present and what are their specificities?
--what role is played by each enzyme in the cell physiology?
--how are the activities of the various enzymes regulated?
PHYSIOLOGICAL ROLES OF INTRACEL-LULAR PEPTIDASES AND PROTEASES
Under normal growth conditions, most cellular proteins are stable, and only 1 to 2% per hour of these proteins are degraded [86] . Nevertheless, numerous cell processes involve proteolysis and these are summarized below: maturation of nascent polypeptide --the chains;
--the --the proteins;
--the maturation of protein precursors; signal peptide processing of exported degradation of abnormal proteins; --the use of a wide variety of small peptides as nutrients. These peptides are first transported into the cytoplasm by specific transport systems and then hydrolyzed by peptidases; --the degradation of colicins [4, 7] ; --viral morphogenesis [73] ; --the inactivation of some regulating proteins with which a limited lifetime is a physiological necessity, as in the case of the products of genes sulA and rcsA in E. coli and the products of genes cH and N of bacteriophage lambda [71, 39] .
In addition, the following proteolytic processes, which are part of the normal cell physiology, increase considerably under conditions of stress:
--under conditions of nutritional starvation (carbon, nitrogen, amino acids) normally stable proteins are degraded at a rate of 5 to 12% of total proteins per hour [86] ; --in response to heat shock a marked increased in protein turnover occurs [1, 30] ; --after exposure to mutagenic agents, the LexA protein and the lambda repressor, which are normally stable in E. coli, undergo rapid cleavage through the action of RecA protease. This effect triggers DNA repair mechanisms and bacteriophage proliferation [59] .
For more details about the physiological roles of intracellular proteinases, the reader is referred to extensive reviews [33, 68, 73] .
PEPTIDASES OF E. COL1 AND S. TYPHI-M URI U M
A number of peptide hydrolases were isolated and purified from E. coli in the sixties and seventies [20, 94, 108, 111, 121, 122] . These studies were rather fragmentary, however, and dealt mainly with the enzymatic specificity of these proteins. In 1974, the situation was improved considerably primarily due to the genetic approach used by Miller et al. [66, 67, 69] . Peptidase-deficient mutants were isolated by means of systematic screening. Most of these mutations have been mapped and their genetics have been reviewed by Miller [68] . A catalog of the peptidases existing in S. typhimurium [66, 67] has thus been drawn up (Table 1) :
--4 peptidases with a broad-specificity, denoted N, A, B, D; --3 dipeptidases: P, Q and E; --1 tripeptidase: T. As expected, analogous peptidases have also been found in E. coli (Table 2 ) [69] .
Apart from these genetic studies, relatively little biochemical work has been carried out. Peptidases A and P were shown to be identical to two peptidases purified previously from E. coli [108, 111, 121] and the pepP gene has recently been cloned from E. coli HB101 [125] . Nevertheless, the existence of all these mutants has shed some light on the role of the broad-specificity peptidases. They have overlapping activities. A mutation in a single gone does not compromise the cell physiology and survival. Mutants defective in four different genes (N, A, B, D) must be constructed for any effect to be observed [123, 124] . These multiple mutants, grown under condition of carbon starvation or on minimal medium, accumulate a heterogenous mixture of small peptides which are then released into the extracellular medium [123, 124] . This confirms that, in wild type strains, proteases (endopeptidases) and peptidases act sequentially in proteolytic degradation. These peptidases are probably cytoplasmic and nothing is known about the regulation of their activities except in the case of peptidase T, the gene expression of which has been found to be derepressed during anaerobic growth in S. typhimurium [98] .
Only aminopeptidase N has been extensively studied in E. coli. It was found in 1975 as being the only enzyme able to hydrolyse synthetic substrates such as L-alanine-p-nitroanilide and Lalanine-fl-naphtylamide, two characteristic aminciopeptidase substrates [57] . Mutants devoid of aminopeptidase activity were obtained [56, 69] and the structural gene, pepN, was located at 20.5 rain on the E. coli chromosomal map very close to ompF [2] . The enzyme was purified [62, 120] . Its molecular weight is about 90000. It is not a metallo-enzyme, but an SH group is required for catalytic activity. This enzyme behaves like a true aminopeptidase, with a strong primary specificity for alanine and a marked preference for hydrophobic amino-acids [10] .
The regulation of pepN expression is complex.
The gene is always expressed but under certain conditions, such as phosphate starvation and anaerobiosis [27, 29] , the rate of synthesis of PepN increases roughly four-fold. It is possible that under these specific conditions, the aminopeptidase N may play a more demanding role while participating with the other peptidases in the degradation of intracellular peptides than under normal conditions.
The pepN gene has been cloned and sequenced [26, 63] . The amino-acid sequence deduced from the nucleotide sequence has been compared to that of other prokaryotic and eukaryotic organisms. Some restricted homology with human intestinal brush border aminopeptidase N has been found [51, 77] . Comparison between sequences of the seven peptidases known to exist in E. coli may lead to a better understanding of their mode of action and their physiological role. Unfortunately, PepN is the only one which has been sequenced to date. Beside these peptidases N, A, B, D, P, Q and E which have quite a broad specificity, peptidases with a more restricted specificity have been identified.
A putative peptidase (Iap), involved in the alkaline phosphatase isoenzyme conversion, has been described [50, 74] . This protein seems to be associated with either the inner or the outer membrane [50] .
Most exported proteins are synthesized with an N-terminal extension that is removed by proteolyric cleavage. Two signal peptidases have been identified in E. coli [49, 118] . Processing of the signal peptide of exported periplasmic and outer membrane proteins requires an endopeptidic cleavage generally at an Ala-X bond. On the basis of comparisons between sequences at the cleavage sites of a large number of exported proteins, von Heijne has proposed a consensus sequence for the cleavage site recognized by signal peptidase I (SPI or leader peptidase) [112] . The so-called leader peptidase was the first to be identified [128] . Its structural gene (lep) has been cloned and sequenced [118] . Topological studies have indicated that the bulk of the polypeptide chain is exposed into the periplasm and the protein is anchored into the cytoplasmic membrane by two putative spanning stretchs [72, 118] . One of these acts as a helper and the second acts as a non-cleavable signal peptide for export and insertion into the membrane [18] .
--Signal peptidase II (SPII), which is encoded by the lsp gene, seems to be specific for lipoproreins and cleaves only modified precursor forms [105] . An antibiotic, named globomycin, can specifically inhibit the activity of SPII [21] . Under these conditions, accumulation of the unprocessed modified form of the major lipoprotein is lethal for the cells [44] . The structural gene for SPII has been cloned, genetically mapped [119] and sequenced [49, 126] . Both signal peptidase I and signal peptidase II seem to be localized in the cytoplasmic membrane [118, 106] . A third signal peptidase (SPIII) has been reported in E. coli [88] , but its exact physiological role still remains to be established.
Recently, the peptidase responsible for the cleavage of the N-terminal methionine of nascent polypeptide chains has been identified [3, 70] . The means by which this activity was detected involved the use of an E. coli mutant strain altered in five peptidases (N, A, B, D and Q) . The cloned gene, which is called map (i.e. methionine aminopeptidase) has been sequenced [3] . It encodes a protein of 264 amino-acid residues. Overproduction of this peptidase using a multicopy plasmid made its purification possible. This 30 000 daltons protein is a metallo-oligopeptidase with a strict specificity for N-terminal methionine. The nature of the adjacent residues however significantly influences the rate of cleavage [3] . Miller et al. [70] have described in S. typhimuriurn, a similar enzyme denoted peptidase M, which is probably homologous to Map.
Lastly, the endopeptidases and carboxypeptidases involved in the metabolism of the murein 269 should not be overlooked. The sacculus, although mechanically stable, is not inert. During and after its synthesis, peptide bonds have to be continuously cleaved and reformed during cell expansion [37] . These enzymes will not be discussed here (for a detailed review, see [114] ).
PROTEASES OF E. COLI
Proteases I, II, III and A were among the first to be characterized in detail [17, 78, 79, 89] . In 1981, Swamy and Goldberg performed some elegant biochemical experiments which identified eight different proteases. These proteases were named Do, Re, Mi, Fa, So, La, Ci, Pi (36, 103) . The protease Pi was shown to be identical to the protease III [12] , and protease A was, in fact, a mixture of Mi, Fa and Pi (103) . An outer membrane protease, OmpT (previously named protein a) was also described and shown to be involved in Table 3 Proteases of E. coli ferric enterobactin receptor processing [25] . The purification and characterization of two membrane enzymes (protease IV and protease V were then reported by Pacaud [80] and Regnier [90] . Protease IV is an inner membrane protease, which was identified as a signal peptide peptidase by Ichihara et al. [48] . Protease V is localized at both inner and outer membranes. Thus, in 1982, there were 14 different properly identified proteases (Table 3) , including the extensively studied RecA protease In 1987, three new proteases were characterized: protease VI, a serine protease localized in the outer membrane [81] , a soluble ATP-dependent protease (Ti) which differs from protease La [45, 52] , and the DegP protease [99] . The latter enzyme was not biochemically characterized. It was identified by isolating mutants with deficient proteolysis of a Tsr-AP membrane bound hybrid protein (Tsr is an inner membrane chemoreceptor and AP, the periplasmic alkaline phosphatase). This mutation, degP, is not lethal, and greatly enhances the stability of various hybrid proteins localized in the periplasm or the inner membrane whereas it does not reduce the degradation of abnormal proteins when these are localized in the cytoplasm. Attempts to identify this proteolytic activity, located in the periplasm or perhaps in the inner or outer membrane with its active site facing the periplasm, were not successful. It has been shown however that it is not identical to proteases III and La [99] .
Proteases So and Re have been extensively studied and shown to be responsible for the rapid degradation of oxidatively damaged glutamine synthetase in vitro and perhaps in vivo [15, 58, 82, 91] . Thus there may exist, in E. coli, an ATPindependent proteolytic process that specifically eliminates oxidatively damaged proteins.
The location of all these proteases has been determined. Most of them are cytoplasmic, but a few have been found to exist in the periplasm and the cellular membranes (Table 3 ) [104] .
Establishing the location and obtaining mutants devoid of activity are two ways of approaching the functional study of a particular enzyme. This has been done with some of them: OmpT, III, IV, La and RecA. What is actually known about these five proteases will be described below in greater detail.
The RecA protein is a multifunctional protein which plays a key role in homologous recombination and the induction of the SOS response [19, 59, 87, 113] . This protein has two primary functions: a recombinase function, which promotes the recombinational repair of damaged DNA, and a protease function. Genetoxic treatments which damage DNA such as exposure to UV or to DNA cross-linking agents such as mitomycin C, induce in E. coli a set of unlinked genes making up the SOS system, some of the products of which are used in DNA damage repair. The first step in this response is the activation of the protease activity of RecA, which can then cleave the repressor of SOS functions, LexA, as well as the repressors of some temperate prophages, especially the lambda prophage. This cleavage results in derepression of SOS operons and in lysogenic induction as well as colicin expression [60] . The synthesis of RecA itself is repressed by LexA. The cleavage of LexA therefore also results in derepression of RecA synthesis [116] . In vitro, the activation of RecA protease requires the simultaneous binding of two effector species: single-stranded DNA (ss DNA) and a nucleoside triphosphate (NTP), preferably dATP or ATP [17, 84] . The protease specificity appears to be quite restricted, since it cleaves LexA more efficiently than the cI repressor, but in both cases, this inactivation involves the cleavage of an alanine-glycine bond [43] . The RecA protease is mainly localized in the cytoplasm, but upon the SOS response, a large fraction of this protein appears to bind to a membrane fraction [281.
Protease III is mainly found in the periplasmic space [104] . It is not essential for normal cell growth since deletion of the structural gene causes no observable alterations in the phenotypic properties of the bacteria, and the role of this enzyme in the metabolism of the cell has not yet been identified [12, 22] . This protease is a Mg2+-dependent endopeptidase and preferentially degrades small peptides with a molecular mass of less than 7 kDa [12] . The enzyme specificity is narrow, producing cleavages only between tyr-leu and phetyr residues of oxidised insulin B chain. The ptr gene has been cloned and sequenced [24] . The predicted primary structure of the protein includes a 23 residue signal sequence. Analysis of the regulatory region of the ptr gene shows the presence downstream from the -35 and -10 regions, of a sequence which is similar to the consensus sequence of known nitrogen-regulated promoters [16] . If the potential nitrogen regulated promoter found in the ptr gene is functional in vivo, it will be the first case of a protease involved in nitrogen limitation.
Protease IV is the (one) 'signal peptide' peptidase responsible for digestion of the cleaved signal peptide in the cytoplasmic membrane [47] . This peptidase attacked the signal peptide only after its release from the precursor protein. Deletion mutants have been obtained and the sspA gene mapped at 38.5 min on the chromosome of E. coli [102] . Although digestion of the signal peptide that accumulated in the cell envelope fraction was considerably slower in the deletion mutant than in the sspA + strain, it was still significant, suggesting the participation of another envelope protease(s) in signal peptide digestion [102] .
Further apparently contradictory studies have been published. Novak et al. [75] have reported that 90% of the signal peptide-degrading activity is localized in the cytoplasm, and that only 10% is localized in the membrane fraction. The signal peptide is degraded (at least 300 fold) more rapidly than other cellular proteins in E. coli. Two enzymes from the cytoplasmic fraction responsible for the degradation of the signal peptide have been purified and identified. The one is similar to protease So [15] and represents less than 10% of the activity. The other is similar to the oligopeptidase described by Vimr et al. [110] . It is possible that, in vivo, protease IV initially cleaves the signal peptide, and the partially degraded portions might then diffuse back into the cytoplasm and be completely digested to amino acids or small peptides by So and the oligopeptidase.
Protease OmpT is a major outer membrane protein which is also known as protein a or 3b [23, 92, 101] . Biochemical and genetic studies indicate that the OmpT protein is a trypsin-like protease involved in processing the ferric enterobactin 271 receptor (Fep) protein from an active (81 kDa) into an inactive (74 kDa) form [25] . It has recently been shown that this protease is also responsible for cleavage of T7 RNA polymerase between lysine and arginine specifically [41] . OmpT is identical to protease VII which is known to degrade human gamma interferon produced by recombinant E. coli [100] . The ompT gene was located at 12.5 min on the chromosome; it has been sequenced [42] , and its expression can be modulated by envZ [92] . It is also likely that the colicin protease (Cpr) previously described [8] is protease VII. Indeed, Cpr is a trypsin-like protease [8] , which is regulated by envZ [9] , and exposed at the outer face of the outer membrane [8] .
Protease La is the most extensively studied of all. In E. coli, as in eucaryotic cells, protein degradation requires metabolic energy [35] . Studies with metabolic inhibitors have demonstrated that ATP is required for an initial endoproteolytic step to occur in the degradation of abnormal proteins in E. coli [76] . This energy dependence involves a novel type of proteinase, the function of which is directly coupled to ATP hydrolysis [14] . The most fully characterized of these ATP-dependent enzymes is protease La from E. coli [14, 115] . It is encoded by the Ion gene [11, 14] . This unusual enzyme is both a serine proteinase and an ATPase [115] . It cleaves proteins and ATP in a coupled process. Approximately two ATPs are utilized for each peptide bond cleaved in proteins [65] . The active enzyme is a tetramer which contains four identical subunits each with an M r 87 000 [95, 127] .
Mutations in the Ion gene lead to a reduction in the turnover rates of incomplete protein such as puromycyl polypeptides [96] and nonsense fragments [5] , as well as of complete but abnormal proteins [14, 32, 34, 55] . Some regulatory proteins, such as lambda N protein and SulA protein (a proposed cell division inhibitor) have been found to be more stable in Ion mutants than in wild-type cells [71, 39] . Likewise, overproduction of capsular polysaccharides in Ion mutants might result from the accumulation of the RcsA protein, which is normally unstable [107] .
The complete sequence of the lon gene has been determined [13] . The enzyme contains con-sensus sequences and elements of secondary structure found in several other ATP-binding proteins (e.g. adenylate kinase).
The cellular content of the protease La appears to be regulated at the transcriptional level [31, 32] . The Ion gene is one of the 17 heat-shock genes which are induced at high temperatures [83] as well as under other stress conditions. The level of protease La and the rates of protein breakdown are reduced in htpR mutants, which show defective expression of heat-shock genes.
Interesting data have been obtained on the regulation of Ion expression by constructing lon-lacZ gene fusions [31] . All the stressful conditions which stimulate the heat-shock response gave rise to a 2-to 4-fold increase in the level of Ion transcription. Furthermore, the presence of abnormal proteins stimulated expression of this gene [31] . When the bacteria synthetized large amounts of abnormal polypeptides (after incorporation of amino-acid analogues or in the presence of puromycin), these cells showed an increase in lon-lacZ expression. This induction of lon by abnormal proteins requires the heat-shock regulatory gene htpR [31] .
However, other proteases must also be involved in protein degradation in vivo. Ion mutants are still able to degrade abnormal polypeptides and certain critical regulatory proteins [14, 38, 61, 71] , and this process also requires ATP [61] . A new ATP-dependent protease (Ti) has been reported [45, 52, 46] . It is a serine protease, formed by two different subunits with apparent molecular weights of 260000 and 140000. One of these components (ClpA) has ATPase activity and the other contains proteolytic site [45, 46, 52, 53] . The gene encoding the ATP-binding regulatory protein has been cloned and mutated in vitro [53] . The mutation was then transferred to E. coli chromosome by homologous recombination. The clpA gene was mapped to 19rain on the chromosome. Extracts of clpA-and Ion-cells still have ATP-dependent casein degrading activity [53] . The exact physiological role of protease Ti and the mechanisms regulating its activity have not yet been elucidated.
CONCLUSION
As described above, E. coli cells carry a wide variety of proteolytic enzymes: 12 peptidases and 17 proteases have been characterized so far.
Although the proteolytic processes involved in cell physiology are numerous, one might wonder about the reasons for the existence of such a large number of enzymes. The enzymatic activities actually overlap and except in some rare cases, a mutation resulting in loss of one of them has no dramatic phenotypic effects. The answer to these questions may possibly lie in the in vivo regulation of the genes encoding these proteases. At present, this regulation has been described only in the case of a few of these proteins and much research is still required before a full understanding of the functioning and coordination of these enzymes is reached.
The question also arises as to whether 'classes' of proteases and peptidases exist which are similar in their structures and functions. Only a few of these enzymes have been sequenced so far, so that no large-scale comparative screening can be carried out at the present stage. The foundations of this research have now been established, however, and the answers will no doubt be forthcoming within the next few years.
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ADDENDUM IN PROOF
Aminopeptidase P was sequenced (Yoshimoto et al., J. Biochem. 105, [412] [413] [414] [415] [416] 1989 ).
Strauch and co-workers (J. Bacteriol. 171, 2689-2696, 1989) recently characterized the DegP protease, showed that it is essential for growth at high temperature and identified it to the htrA gene product.
It has also been found that xerB, and E. coli gene required for plasmid ColE1 site-specific recombination, is identical to pepA, one of the four peptidases with a broad specificity (Stirling et al., EMBO J. 8, [1623] [1624] [1625] [1626] [1627] 1989 ).
